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Introduction
Auditory Hallucinations (AH) are non-voluntary, internally generated auditory experiences, often perceived as originating from external sources. They are considered a core symptom of schizophrenia that is experienced by approximately 70% of affected individuals, [1] [2] [3] [4] often resulting in substantial suffering, comorbidity, and dysfunction. 2, 5, 6 Over the past decade, research and clinical interest in AH has grown considerably, as evident by the advent of The International Consortium on Hallucination Research. [7] [8] [9] However, despite this surge in research and clinical interests, AH remain poorly understood and modeled, and the neurobiological mechanism underlying them remain largely obscure. 10 One notable characteristic of AH is their "ebb-andflow" nature, with considerable variability both between and within individuals. The frequency of AH have been found to vary substantially among individuals with AH, with 48% reporting nearly constant AH, 26% frequent AH (11-20 times/wk), and the remainder reporting sporadic experiences (<once a day). 1 Surveys also indicate considerable differences in AH durations-59% of individuals reported episodes lasted hours, 31% several minutes, and 12% a few seconds. 1 Other studies found episodes of AH to last on average 190 and 299 minutes. 11, 12 Altogether, these findings underscore the dynamic nature of AH, but raise a number of fundamental questions-Why do AH occur at certain times but not others? What factors drive such patterns? While in recent years a number of models of AH have been put forward, the temporal nature of AH and the factors driving their "ebb-and-flow" characteristics have received little consideration.
One feature that seems to correspond with the "ebband-flow" of AH, and thus may potentially contribute to such patterns, is emotional experience. Consistent with this view, a number of models of psychosis highlight the roles negative emotions and stress play in the contributing to the development and exacerbation of psychotic symptoms, including AH. [13] [14] [15] [16] [17] This view is also supported by the world of clinical experiences in which individuals with schizophrenia often experience the onset of psychosis or symptom exacerbations in response to stressful events. [18] [19] [20] Such associations have also been documented among individuals at clinical high-risk for psychosis. 21 Consistent with this view, studies of AH found temporal links between momentary elevations in negative emotions, 11, 12 delusional intensity, 22 and hallucinatory episodes. Notably, Delespaul and colleagues found that negative emotions elevate well before the onset of the AH episodes and decline toward the latter part of the episode, suggesting that negative emotions are a cause, rather than a consequence of AH. 12 The concomitant experience of negative emotions suggests increased physiological arousal and a putative role for the autonomic nervous system (ANS) in the onset and/or exacerbation of AH. 23, 24 Specifically, these reports suggest a model in which autonomic arousal precedes and may trigger the onset and exacerbation of AH. An alternative view would suggest that autonomic arousal may amplify or modulate already present AH. This distinction has important theoretical and therapeutic implications; however, previous reports provide little information to clarify this issue. While laboratory studies have reported associations between psychotic symptom exacerbations and increased cardiac autonomic arousal characterized by low vagal (parasympathetic) inputs, [25] [26] [27] [28] these studies have been limited by the use of "stationary" assessments of arousal, with participants typically assessed during rest and over brief periods (<1 h). Additionally, the assessment of psychotic symptoms was retrospective and thus vulnerable to the influence of memory difficulties and cognitive biases and reframing. 29, 30 These issues are noteworthy given the substantial episodic memory deficits experienced by many individuals with schizophrenia, 31 making the use of retrospective assessments problematic in this population. Thus, despite the ostensible clinical plausibility of the arousalpsychosis link, there is a dearth of evidence pointing to temporal associations between momentary increases in autonomic arousal and psychotic experiences, including AH. Consequently, the underlying neurobiology of AH remains understudied and unclear, hindering theoretical and therapeutic progress. Our group and others have argued that the paucity of evidence on this question stem from the limitations of the methodologies employed of previous studies, 29, [32] [33] [34] making it difficult to characterize AH's dynamic nature.
One methodology that overcomes many of these limitations is experience sampling method (ESM), an ecologically-valid, time sampling of self-reports developed to study the dynamic process of person-environment interactions. 11, 30, 35 ESM offers a number of advantages over retrospective assessments, including allowing assessment of real-world, real-time experiences (ie, in situ and in vivo) with limited need of episodic memory input and minimal impact of cognitive biases. Technological advances over the past decade have made it feasible to employ ESM using electronic mobile devices, 29, 30, [35] [36] [37] [38] [39] including among hospitalized individuals. 30, 40 Such devices provide precise time-stamps of the participants' responses, allowing for ascertainment of temporal links to concurrent autonomic indicators. 29, 30 To address these gaps in the literature, our goal was to investigate the link between autonomic arousal and AH during "real-world" daily functioning among individuals with psychosis using ESM and measures of autonomic arousal. Our aims were to: (1) examine the links of daily "real-world" experience of AH with multi-domain interview-based measures of AH; and (2) determine the impact of momentary changes in autonomic arousal on changes in AH severity.
Methods and Materials

Participants
The study was conducted at the New York State Psychiatric Institute (NYSPI) at the Columbia University Medical Center and was approved by the NYSPI's Institutional Review Board. All participants provided written informed consent. The inclusion criteria were ages 18-55; English speaking; a Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) diagnosis of schizophrenia or related disorders; moderate or more severe psychotic symptoms (≥3 on SAPS hallucinations/delusions); and capacity to provide informed consent. The exclusion criteria were a diagnosis of mental retardation (IQ < 80); abnormalities on ECG; history of serious hypertension/ cardiac conditions; use of anti-cholinergic, beta-blockers, anti-histamine, or anti-hypertensive medications; history of severe neurological/medical conditions; and a recent use of street drugs (confirmed by a urine toxicology test).
Measures
AH were assessed using ambulatory and interview-based measures. Ambulatory momentary ratings of AH during "real-world" daily functioning were collected using ESM with mobile devices (iESP software ver. 3.3; Intel Research Center). Interview-based AH were indexed by the AH subscales of the Scale for Assessment of Positive Symptoms (SAPS) and the Psychotic Symptom Rating Scale (PSYRATS) which were administered on the day immediately following the completion of the ambulatory assessments, thus including the ambulatory assessment period.
Autonomic regulation during "real-world" daily functioning was indexed by cardiac vagal contribution to heart rate variability (HRV). Cardiac functioning is mediated by the ANS, with both the sympathetic and parasympathetic ANS branches innervating the myocardium. The continuous interplay between these branches reflects the ANS' ability to respond to stressors and return to homeostasis, 41 thus contributing to an individuals' ability to function effectively within changing environments. The balance between the ANS' branches can be indexed by the heart's beat-to-beat variability. Power spectral analysis of HRV data can determine the relative contribution of the parasympathetic branch to cardiac autonomic regulation. Specifically, the high frequency band (HF; 0.15-0.40 Hz) has been found to reflect almost exclusive efferent vagal (parasympathetic) contributions to cardiac regulation. HRV is advantageous over salivary cortisol (SC) in allowing high time-resolution examination of changes in autonomic arousal (eg, seconds), as peak elevations in SC are typically reached 20-40 minutes after the presentation of stressors, 42 making its use impractical for assessment of dynamic phenomena such as AH.
Concurrent momentary autonomic regulation data were recorded using a LifeShirt System (VivoMetrics), a vest-like undergarment embedded with sensors designed to record ambulatory cardiopulmonary data. The electroencephalogram (ECG) electrodes were placed on the left and right upper chest and on the left anterior axillary line at the 10th intercostal space. Using this methodology, our group has previously demonstrated that momentary increases in stress were correlated with lower vagal input. 29 Diagnoses were determined using the Diagnostic Interview for Genetic Studies. Affective symptoms were evaluated using the Beck depression and anxiety inventories.
Study Procedure
After satisfying the inclusion/exclusion criteria, data on momentary AH and autonomic regulation were collected continually over a 36-hour period (day 1, 10 AM to day 2, 10 PM), including during sleep. A 36-hour assessment period was selected in consideration of the participants' comfort level, as participants could not take showers during this period due to the need to disconnect and reattach the ECG electrodes by themselves. On the morning of the first day, participants were fitted with the LifeShirt vest and were given a brief introductory session to the basic operations of the mobile device. The digital clocks of the mobile device and LifeShirt were synchronized, allowing for a high time-resolution, second-by-second temporal linking of the participants' reports of AH with their concurrent cardiac autonomic regulation data. Participants were then provided with the mobile devices, which they were to carry daily (10 AM-10 PM) throughout the 36-hour ambulatory assessment period. 29, 30 The device was programmed to beep 10 times/d at random times between 10 AM and 10 PM to elicit reports about AH. There were no scheduled beeps at nighttime, as to not interfere with the participants' sleep schedule. Upon hearing the beep, participants were instructed to respond to a brief questionnaire presented on the screen of the device, which asked a single question about the severity of their AH just prior to the beep (ie, "I hear voices that other people can't hear"; see figure 1A ). 11, 29, 30, 37 The employment of a single global AH dimensional item to measure severity has ecological validity, with reported variation linked to symptom severity. 11 There is a long tradition in ESM studies of assessing AH using Likertlike scales. 11, 12, 22, 29 This approach is not dissimilar from popular instrument used to measure AH (eg, Positive and Negative Syndrome Scale [PANSS]), which also employ a dimensional approach rather than a "Yes/No" categorical view. For example, AH on the PANSS (Item P3) employs a 3 rating for AH that do not result in distortions of thinking/behavior; rating of 4 indicates minor impact on thinking/behavior; rating of 5 indicates tendency to distort thinking/disrupt behavior, etc.). Consistent with previous ESM studies, the questionnaire also included questions about mood, other symptoms, activities and social context (not analyzed in present article). 11, 29, 30, 37, 43 Responses were represented in the output as values between 1 ("not at all") and 100 ("very much"). To ensure timely responses, the participants had to respond within 5 minutes of the beep, after which the device was programmed to turn off until the next experience sample.
The mobile device's software was set up to divide each day's assessment period by the number of questionnaires to create 10 equal time windows of 72 minutes (12 h × 60 min/ 10 questionnaires) and then scheduled 1 questionnaire randomly within each time window. Thus, the period of time between experience samples could range from 1 minute (from last min of one window to the first min of the next one) to 143 minutes (from first min of one window to last min of the next one). Our group has established the validity of this methodology in individuals with schizophrenia. 29, 30 Following the completion of the 36-hour period, the data from the mobile device and LifeShirt vest were uploaded to a PC computer. The precise time of each questionnaire was identified, and using VivoLogic software (VivoMetrics Inc.), the corresponding time point on the continuous stream of cardiac autonomic data was marked. We then demarcated a 5-minute epoch before each questionnaire's time and used power spectral analysis to quantify autonomic regulation during each epoch (figure 1B). For each 5-minute epoch, we calculated spectral power in high-frequency band (0.15-0.40 Hz), which reflects parasympathetic contribution to cardiac autonomic regulation. 44 The ECG signals were digitized at 200 Hz using the VivoLogic software. Prior to computing fast Fourier transforms, the software subtracted the linear trend and used multiplication of a Hanning window for each segment. The software then averaged and scaled the magnitude power spectrum for each sub-segment to form a 1-sided periodogram and calculated the area under the curve for each frequency range.
Statistical Analyses
Analyses were performed in SAS version 9.2. Descriptive statistics about demographic and clinical data were computed, along with person-averaged ESM measures of AH and vagal input over the 36-hour period. The high-frequency data derived from the power spectral analysis of each 5-minute epoch was log transformed to correct for violation of the normality assumption. To examine associations between interview-and ESM-measured AH, partial Spearman's correlations were used to accommodate non-normal distributions adjusting for antipsychotic dosage. Associations were also explored between interview-based AH measures and mean ambulatory-measured vagal input. Average variability in ESM-measured AH was computed as the mean person-level SD of all observations within each person. A mixed effects regression model with a random person level intercept and an autoregressive (AR1) covariance structure within individual was used to model ESM-measured AH predicted by ambulatory vagal input, while adjusting for participants' group (inpatient vs outpatient), age, gender, education, family history of mental illness, antipsychotic dosage, along with paternal age. 45 The primary test of interest is the one-degree of freedom t test for the coefficient for vagal input, which represents the momentary change in AH given a 1-unit change in vagal input. Further exploratory analyses were conducted to examine moderators on the vagal input and AH severity relationship.
Results
Data was collected on 40 individuals with DSM-IV schizophrenia and non-affective psychoses (27 schizophrenia; 7 schizoaffective disorder, 3 schizophreniform disorder, and 3 psychosis not otherwise specific [NOS]). On average, participants were 30.5 year old (SD = 8.2) and completed 15 years of education (SD = 4.0). The majority of participants were males (n = 25, 62%). The average antipsychotic medication dosage as indexed by chlorpromazine equivalence was 316.1 mg/d (SD = 350.9). The average Interview-based (SAPS) AH severity was 3.08 (SD = 2.13). The participants responded to 89.8% of the ESM prompts over the 36-hours assessment period, completing on average 17.8 (SD = 2.8) responses. The average ESM-measured AH severity was 30.68 (SD = 34.80). Participants reported AH during 40% of the experience samples, of which 61% were severe (rating >70; see figure 2 ).
We first examined the links between momentary-and interview-based measures of AH. Table 1 presents the means, SDs and partial Spearman's correlations of the mean ESM-measured AH with domains of interviewbased AH measures, adjusting for antipsychotic medication. A significant positive association was found between the mean severities of ESM-and interview-based SAPSindexed measures of AH, as well as PSYRATS-indexed AH-related domains of frequency, duration, loudness, degree of negative content, and intensity of distress, with trend-associations found for amount of negative content, amount of distress, and controllability.
Examination of the link between ESM-measured AH severity over the 36-hour assessment grouped by SAPS AH ratings indicated some individuals with SAPSindexed severe AH (SAPS = 5) reported few or substantial variability in ESM-measured AH (range 0-100; see figure 3 ). Similarly, some individuals who reported no AH in clinical interviews (SAPS = 0), endorsed AH in their ESM-measured assessments. The mean within-individual SD of ESM-measured AH was 5.5, 21.1, 8.4, and 13.5 for SAPS ratings of no AH, moderate, marked, and severe AH, respectively (SAPS item #1 values of 0, 3, 4, and 5).
Our second aim was to determine the association of momentary changes in autonomic arousal on AH. A mixed-effect regression model showed a significant negative association between ambulatory-measured vagal input and ESM-measured AH (b = −1.44, SE = 0.73, P = .049; effect size = −0.08, see figure 4), after adjusting for covariates. For each 1-unit increase in ambulatorymeasured HF on the log scale (ie, an exp(1) = 2.7-fold increase in HF), the ESM-measured AH decreases by Similarly, there was a small but significant inverse correlation between mean vagal input and SAPS-measured AH severity (r = −.36, P = .03).
Discussion
The most important finding of the present study is the identification of a temporal link between autonomic regulation and AH. Specifically, momentary increases in cardiac autonomic arousal characterized by lower vagal input predicted transitory increases in AH. These findings extend results from previous reports linking negative emotions in individuals with schizophrenia to both autonomic arousal 29 and AH exacerbations. 11, 12 Our results provide preliminary support for a model in which increases in autonomic arousal contribute to onset and/or exacerbation of AH. 23 The findings, based on the within person (time-varying) effect between autonomic regulation and AH, suggest that this effect is in the small range. This may be attributed, in part, to standardization of both autonomic regulation and AH using the whole sample population. Given the substantial person-to-person variability on these measures, the resulting effect is rather small.
Our results suggest autonomic arousal precedes and may trigger the onset and exacerbation of AH. Establishment of a cause and effect relationship requires demonstration of covariation of the cause and effect, the presence of temporal precedence, and elimination of plausible alternative explanations. 46 Our results demonstrate significant relationship between changes in autonomic arousal and AH, satisfying the covariation requirement. The measurement of autonomic arousal preceded the assessment of momentary AH, suggesting temporal precedence. Yet, while unlikely, it is possible the elevated autonomic arousal reflects association with "already in progress" AH episodes (ie, in the event that all/most experience samples occurred at the end of the AH episodes). Finally, we adjusted our model for a number of variables including clinical status, age, gender, education, family history of mental-illness, paternal age, and antipsychotic medication dosage in an attempt to address alternative explanations.
Additional indirect evidence supporting the arousal-AH link is available from treatments targeting AH. Breathing and relaxation exercises designed to reduce physiological arousal have long been a staple of treatments techniques aiming on stress reduction, with preliminary evidence demonstrating benefits in schizophrenia. 47 Similarly, cognitive-behavioral therapies, which frequently include emotion regulation and stress-reducing components have also been found to benefit AH. [48] [49] [50] Finally, studies of patients' self-initiated strategies for coping with AH have indicated that strategies aimed to reduce stress-related arousal are among the most commonly used. 51, 52 Related to this, it has been suggested that negative symptoms and social withdrawal may reflect attempts to down regulate stress and related arousal. 53 Future studies should aim to confirm our findings, by examining the arousal-AH link among firstepisode patients, as well as individuals at clinical high-risk for psychosis who report anomalous auditory experiences.
Our results invite speculation about the putative brain circuitry that may link cardiac autonomic regulation to AH. Extensive data from neuroimaging studies have linked AH to both structural and functional abnormalities in a distributed network of brain regions that includes Broca's area, [54] [55] [56] the insula, 54,57-59 the amygdala-hippocampal complex, 54, 57, 60 and subcortical regions. 55, 61 Specifically, the temporoparietal junction of the left posterior superior temporal cortex has been implicated in both the anatomical and functional pathology of AH. 62 Relevant to our findings, the left temporoparietal junction is architecturally adjacent to the left insula and is connected to it by short association fibers. [63] [64] [65] Previous reports have linked cardiac autonomic regulation to insula activation 66, 67 and the left anterior insula has been identified as one of the brain regions with the highest likelihood of activating during AH. 58, 68 Furthermore, studies of time course regional brain activation indicate insula activation may serve as a precursor event leading to AH, as the insula and adjacent regions (left inferior frontal gyrus) have been found to activate 4.5 seconds 57 and 9 seconds 55 prior to AH onset, respectively. Future studies should examine and experimentally confirm these putative associations.
Our findings have implications for the assessment of AH. Given the dynamic nature AH, interview-based measures that ask participants to retrospectively report on their symptoms may be limited in their ability to characterize hallucinatory experiences. Such assessments are vulnerable to the impact of episodic memory deficits and cognitive biases and reframing, 29, 69, 70 which are issues critical in schizophrenia. [71] [72] [73] The use of high time-resolution methodologies that capture "in vivo, in situ" experiences during daily-functioning offers distinct advantages in characterizing the clinical richness of AH, along with their physiological, cognitive, behavioral, affective, and environmental correlates. 35 Notably, the ESM AH measure significantly correlated with some, but not all PSYRATS domains, suggesting that a number of AH dimensions (ie, location, origin of voices, amount of negative content, disruption in life) may be less closely related to "in vivo" AH measures. Thus, ESM-based measurements may complement clinical interviews by providing unique data.
The findings of an arousal-AH link also have clinical implications, suggesting a potential role for emotion regulation strategies in down-regulating arousal and negative emotions. Emotional difficulties are ubiquitous in schizophrenia, and are considered a core component of the disorder. 74 Individuals with schizophrenia 75, 76 and those at clinical high-risk for psychosis 77 report using substantially more suppression and less reappraisal compared to healthy controls and their use of reappraisal is ineffective, as indicated by event-related potentials studies. 78, 79 Such difficulties may be associated with reduced activation in the bilateral striatum, ventromedial prefrontal, and right orbitofrontal cortices during regulation of negative emotions. 80 These findings are consistent with reports linking suppression use with more severe AH. 81 Yet, Grezellschak et al 82 reported successful application of instructed-reappraisal in down-regulating anxiety, suggesting a potential for intervention development. Future studies should further clarify the link between emotional regulation, negative emotions, arousal, and psychosis.
The present study has a number of potential limitations. One is the 36-hour assessment period, which was shorter than typical ESM schizophrenia studies. Another limitation is the use of a single ESM question to inquire about the presence of AH. While such strategy has been used successfully in previous ESM AH studies, 11, 12, 22, 83, 84 having additional questions would have allowed a more granular analysis. Future ESM AH studies should investigate temporal changes in other AH dimensions including duration, location (inside vs outside head), loudness, content and associated distress, as well as controllability. Additionally, we could not exclude the possibility that other concurrent symptoms (eg, paranoia) would impact the outcome. Finally, recent reports have suggested the presence of multiple subtypes of AH. 1 The limited number ESM AH questions and the relatively modest sample size prevented us from examining this issue, which may have important implications for treatment development. 
